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Edited by Peter BrzezinskiAbstract Here, we report that in the obligate aerobic yeast
Yarrowia lipolytica, a protein exhibiting rhodanese (thiosul-
fate:cyanide sulfurtransferase) activity is associated with proton
pumping NADH:ubiquinone oxidoreductase (complex I). Com-
plex I is a key enzyme of the mitochondrial respiratory chain that
contains eight iron–sulfur clusters. From a rhodanese deletion
strain, we puriﬁed functional complex I that lacked the additional
protein but was fully assembled and displayed no functional
defects or changes in EPR signature. In contrast to previous sug-
gestions, this indicated that the sulfurtransferase associated with
Y. lipolytica complex I is not required for assembly of its iron–
sulfur clusters.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Sulfurtransferases are ubiquitous enzymes found in all living
organisms, from bacteria to man [1]. In mammals, two closely
related enzymes are present, namely thiosulfate:cyanide sulfur-
transferase (TST, EC 2.8.1.1), also referred to as rhodanese,
and 3-mercaptopyruvate:cyanide sulfurtransferase (MST, EC
2.8.1.2). Both are located predominantly in mitochondria [2].
In vitro, thiosulfate sulfurtransferase (TST) catalyses the trans-
fer of a sulfane sulfur atom from thiosulfate to cyanide yielding
thiocyanate and sulﬁte. 3-Mercaptopyruvate sulfurtransferase
(MST) is able to catalyse the same reaction but shows higher
aﬃnity for 3-mercaptopyruvate as sulfur donor [3]. Substrate
speciﬁcities seem to correlate with characteristic active site loop
motifs: the ﬁve amino acids immediately downstream of the ac-
tive site cysteine comprise one or two positively charged resi-Abbreviations: BN-PAGE, blue-native polyacrylamide gel electropho-
resis; DBQ, n-decylubiquinone; dNADH, deamino-nicotinamide-ade-
nine-dinucleotide (reduced form); dSDS–PAGE, doubled sodium
dodecylsulfate–polyacrylamide gel electrophoresis; HAR, hexa-am-
mine-ruthenium(III)-chloride; MALDI-TOF MS, matrix-assisted laser
desorption/ionisation-time of ﬂight mass spectrometry; MST, 3-mer-
captopyruvate sulfurtransferase; TST, thiosulfate sulfurtransferase
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doi:10.1016/j.febslet.2005.11.008dues in TSTs, but not in MSTs [1]. Sulfur transfer occurs by
a double displacement mechanism that involves formation of
a persulﬁde containing intermediate with an invariant catalytic
cysteine residue [1].
X-ray structures have been solved for TST from bovine liver
[4] and Azotobacter vinelandii [5]. Comparative studies have re-
vealed a large superfamily that includes proteins with a single
rhodanese domain (e.g., many bacterial and plant enzymes),
proteins with tandem repeats of rhodanese domains where
only the C-terminal domain is catalytically active (e.g. A. vin-
elandii and mammalian TST and MST) and proteins in which
a rhodanese domain, typically lacking the active site cysteine,
is fused to other domains (e.g., the dual speciﬁc phosphatase
Cdc25) [1]. While it is generally assumed that tandem domain
repeat enzymes make the most signiﬁcant contribution to cel-
lular sulfurtransferase activity, it has been demonstrated that
GlpE from E. coli, a representative of the single domain en-
zymes, is active in vitro [6,7]. Multiple copies of sulfurtransfer-
ase are found in the genome of some archaebacteria,
eubacteria, plants and vertebrates, including mammals and
birds. Only a subset of them is predicted to be targeted to mito-
chondria using the MitoProtII [8] algorithm (see supplemen-
tary material).
The biological roles of TST and MST are largely speculative,
because their in vivo substrates remain unknown. Proposed
functions include cyanide detoxiﬁcation [9], maintenance of
the sulfane pool [10], selenium metabolism [11] and thiamine
biosynthesis [12]. Due to its ability to transfer sulfur atoms
and its mitochondrial localization it has been suggested that
rhodanese could catalyse the formation of iron–sulfur clusters
[13]. It has been reported that rhodanese can form complexes
through disulﬁde bonds with membrane-bound enzymes and
it was speculated that rhodanese may regulate mitochondrial
oxidative phosphorylation by controlling the status of iron–
sulfur clusters of respiratory chain enzymes [13]. In vitro,
rhodanese is able to catalyse sulfur transfer to bovine kidney
succinate dehydrogenase [14], to spinach ferredoxin [15] and
to the iron–sulfur protein fragment of bovine heart complex
I, thereby promoting its NADH dehydrogenase activity [16].
Activity of bovine rhodanese may be regulated by protein ki-
nases/phosphatases [17]. According to this model, phosphory-
lation leads to loss of rhodanese activity and converts the
enzyme into a protein sulfurase, which would extract ‘‘labile’’
sulfur from iron–sulfur clusters of the respiratory chain.
As reported previously, the attachment of a hexa-histidine
sequence to the C-terminus of the 30 kDa subunit allows forblished by Elsevier B.V. All rights reserved.
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toside solubilised Y. lipolytica mitochondrial membranes using
Ni2+-aﬃnity and gel ﬁltration chromatography [18]. Y. lipoly-
tica complex I can be resolved into at least 39 protein spots by
doubled sodium dodecylsulfate–polyacrylamide gel electro-
phoresis (dSDS–PAGE) [19,20]. From the Y. lipolytica genome
project [21], the sequences of 37 subunits of complex I could be
deduced. All of them have counterparts in complex I from N.
crassa [22], 33 are conserved between mammals [23,24] and
fungi. The 14 central subunits, seven of which are encoded
by the mitochondrial genome in most eucaryotes are conserved
between pro- and eukaryotes [19,20]. The identiﬁcation of fur-
ther complex I proteins using matrix-assisted laser desorption/
ionisation-time of ﬂight mass spectrometry (MALDI-TOF
MS) is ongoing. Here, we show that functional sulfurtransfer-
ase is associated with mitochondrial complex I (proton pump-
ing NADH:ubiquinone-oxidoreductase) from the obligate
aerobic yeast Y. lipolytica.2. Materials and methods
2.1. Electrophoresis and mass spectrometric analysis of subunits
To visualise the subunits of complex I from Y. lipolytica, tricine
SDS–PAGE [25] or blue-native polyacrylamide gel electrophoresis
(BN-PAGE) [26] were performed as described. Gels were stained with
Coomassie blue G 250. For MALDI-TOF mass spectrometry, protein
spots were excised from dSDS–polyacrylamide gels [27] and treated
following the protocol of vanMontfort et al. [28]. Proteins were cleaved
with trypsin (12.5 ng/ll) in digestion buﬀer containing 25 mM ammo-
nium hydrogen carbonate, 5 mMCaCl2 at 37 C over night. The digests
of all subunits were examined in a Voyager De Pro MALDI-TOF mass
spectrometer (Applied Biosystems, Darmstadt, Germany) as described
previously [19]. MALDI spectra were analysed using the Mascot soft-
ware package (Matrix Science Ltd., London, UK).
2.2. Puriﬁcation of complex I from Y. lipolytica
Y. lipolytica strains were grown in yeast peptone dextrose (complete
medium) at 28 C in a 10 l fermenter (Biostat E, Braun, Melsungen,
Germany) for 14–18 h. Mitochondrial membranes were prepared from
freshly harvested cells according to protocols published before [29,30].
His-tagged complex I was puriﬁed from mitochondrial membranes in
n-dodecyl-b-D-maltoside by Ni2+-aﬃnity chromatography and subse-
quent gel ﬁltration essentially as described previously [18], except that
the concentration of imidazole was reduced from 60 to 55 mM in the
equilibration and washing buﬀers of the aﬃnity column.
2.3. EPR spectroscopy
EPR spectra of isolated complex I from the parental and mutant
strains were obtained with a Bruker ESP 300E spectrometer equipped
with a liquid helium continuous ﬂow cryostat, ESR 900 from Oxford
Instruments. 100 ll complex I samples from the parental and mutant
strains (12 mg/ml) were reduced with 5 ll NADH (0.1 M) in the
EPR tube and frozen in liquid nitrogen after 30 s reaction time. Spec-
tra were recorded at a temperature of 12 K, a microwave frequency of
9.47 GHz, a microwave power of 1 mW, and a modulation amplitude
of 0.64 mT. Under these conditions spectra showed contributions from
clusters N1, N2, N3 and N4.
2.4. Measurement of complex I catalytic activity
Complex I activity was measured at 30 C in 20 mM Na-MOPS pH
7.2 buﬀer containing 50 mM NaCl and 2 mM KCN using 100 lM
dNADH as electron donor and 60 lM of the ubiquinone analogue
n-decylubiquinone (DBQ) as electron acceptor. Deamino-nicotin-
amide-adenine-dinucleotide (reduced form) (dNADH) oxidation was
followed at 340–400 nm (e = 6.22 mM1 cm1) in a Molecular Devices
SPECTRAmax PLUS384spectrophotometer (mitochondrial mem-
branes) or a Shimadzu MultiSpec-1501 spectrophotometer (complex
I). The reaction was started by adding mitochondrial membranes orisolated enzyme equivalent to a ﬁnal concentration of 50 or 1 lg of
protein/ml, respectively. Puriﬁed enzyme samples were reactivated with
asolectin at a 1:1 (w/w) protein-to-lipid ratio for measurement of com-
plex I activity [31]. Complex I content was estimated as detergent- and
inhibitor-insensitive NADH:HAR activity. Assays of NADH:HAR
activity were performed in the presence of 200 lM NADH and
2 mM hexa-ammine-ruthenium(III)-chloride (HAR), in 20 mM Na+/
HEPES, pH 8.0, 2 mM NaN3 at 30 C [32]. The reaction was started
by the addition of 25 lg (total protein) or 3 lg of mitochondrial mem-
branes or isolated complex I, respectively.
2.5. Measurement of rhodanese activity
Rhodanese activity was assayed according to the procedure reported
by So¨rbo [33] and Westley [34], with minor modiﬁcations. The reaction
mixture contained 50 mM KCN, 50 mM sodium thiosulfate, 50 mM
Bistris/Tris buﬀer, pH 7.0 and 1 lg/ll of puriﬁed complex I or 5 lg/
ll of total mitochondrial membrane protein. An equal amount of en-
zyme inactivated by addition of 15% formaldehyde was used as blank.
The reaction was followed for up to 70 min at 25 C. 70 ll aliquots of
the reaction mixture were taken every 10 min when measuring complex
I or every 2 min when using mitochondrial membranes and stopped by
the addition of 32.5 ll of 15% formaldehyde and 97.5 ll of ferric ni-
trate reagent (20 g of Fe(NO3)3 Æ 9H2O and 40 ml of 65% HNO3 per
300 ml). The ﬁnal assay volume was 200 ll. The resulting thiocyanate
complex was measured at 460 nm using a Molecular Devices SPEC-
TRAmax PLUS384 spectrophotometer. Speciﬁc activity (lmol thiocya-
nate formed per minute and mg) was calculated using an e460 of
1600 M1 cm1 for the concentration of SCN. Vazquez and cowork-
ers [35] had reported that the activity of mitochondrial rhodanese de-
pends on pH and is optimal in the pH range of 5.5–6. However,
Aminlari and coworkers [36] did not observe signiﬁcant diﬀerences
when puriﬁed rhodanese was assayed at pH 7.4 or 9.2. In our hands,
highest rhodanese activity and lowest background was observed at
pH 7.0, both with bovine liver rhodanese (purchased from Sigma–
Aldrich, Munich, Germany) and with Y. lipolytica samples.
2.6. Rhodanese deletion strain
The gene for the sulfurtransferase associated with Y. lipolytica com-
plex I (gene locus CAG78604) consists of an intronless open reading
frame which encodes a predicted protein of 315 amino acids. The region
encompassing the entire open reading frame and roughly 1100 bp of up-
stream and 600 bp of downstream sequence was ampliﬁed by PCR
using primers CGACGATACCGATGCTAGAG and TTCACAGG-
CACCTCTACAGC using Taq DNA polymerase (Sigma) and cloned
into the T/A vector pCR2.1 (Invitrogen). For generation of a geneti-
cally marked CAG78604 deletion allele, a gap comprising the entire
open reading frame and 55 bp of upstream sequence was created by
PCR using primers AAGTCGACGACGATGATGATCCTGC and
GGAGGATCCCTTGAACGAGGCCAACC. The PCR product was
digested with SalI and BamHI and ligated with a 1.7 kbp SalI/BamHI
fragment containing the Y. lipolytica URA3 gene, which had been gen-
erated by PCR using primers GTCGACAAAGGCCTGTTTC and
GAGGATCCGTCTGACTCGTCATTGC. In the ﬁnal construct the
orientation of the URA3 open reading frame was opposite to the one
found in the original CAG78604 locus. This was veriﬁed by sequencing
on an Applied Biosystems 310 genetic analyzer.
After transformation into haploid Y. lipolyticaGB10 cells (ura3-302,
leu2-270, lys11-23, NUGM-Htg2, NDH2i, MatB) and selection of ura-
cil prototrophs on minimal plates, the obtained st1D deletion strain
was veriﬁed by PCR and Southern blot analysis (not shown).3. Results
3.1. Identiﬁcation of a rhodanese-like protein in puriﬁed
complex I
Upon gel ﬁltration chromatography, His-tagged Y. lipolytica
complex I, as Ni2+-aﬃnity puriﬁed from n-dodecyl-b-D-malto-
side solubilised mitochondrial membranes, elutes as a single,
symmetrical peak, indicating excellent purity and homogeneity
(Fig. 1). A protein with an apparent molecular mass of
34.6 kDa (Fig. 2) previously not detected in complex I from
Fig. 1. Elution proﬁle of Y. lipolytica complex I puriﬁed by Ni2+
aﬃnity chromatography. The elution proﬁle of a TSK4000 column run
with puriﬁed complex I was monitored by measuring A280 for protein
(upper trace) and A415 for ﬂavine mononucleotide and iron–sulfur
clusters (lower trace). Experimental details were as described in [18].
Fig. 2. SDS–PAGE of puriﬁed Y. lipolytica complex I. Coomassie
stained 16% tricine-SDS gel with 30 lg of complex I from the
parental and the sulfurtransferase deletion (st1D) strains. The band
corresponding to the sulfurtransferase protein is marked with an
arrow. The sulfurtransferase seems to be present in substoichiometric
amounts in the parental strain and is clearly absent in the deletion
strain.
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purest preparations. Its content relative to other complex I pro-
teins seemed variable and appeared substoichiometric in most
preparations. Using dSDS–PAGE [27], followed by MALDI-
TOF mass spectroscopic analysis of tryptic fragments (see sup-
plementary material) we were able to identify this protein. It
corresponds to NCBI protein data base entry CAG78604,
TrEMBL entry Q6C0L9_YARLI and to open reading frame
YALI0F23551g in the Y. lipolytica genomic sequence as depos-
ited at the Genolevures site (http://cbi.labri.fr/Genolevures/in-
dex.php). Sequence coverage was 38% using a 50 ppm error
margin. Predicted protein CAG78604 exhibits no homology
to any other known subunit of complex I from other organisms
but shows up to about 50% sequence similarity and 40% se-
quence identity to members of the sulfurtransferase family, in
particular to tandem rhodanese domain repeat enzymes like
thiosulfate:cyanide sulfurtransferases (TSTs) and 3-mercapto-
pyruvate:cyanide sulfurtransferases (MSTs) from various
sources (see supplementary material).3.2. Puriﬁed Y. lipolytica complex I displays rhodanese activity
To ﬁnd out whether the rhodanese-homologue present in
our complex I preparation was functional we tested it for thio-
sulfate:cyanide sulfurtransferase activity. A speciﬁc rhodanese
activity of 12.1 nmol min1 mg1 was measured for complex I
puriﬁed from Y. lipolytica strain GB10 (Table 1). Assuming
that each molecule of Y. lipolytica complex I with a molecular
mass of around 900 kDa is associated with 0.5 molecules of the
sulfurtransferase subunit a turnover number of 27 min1 was
estimated for the rhodanese activity associated with complex I.
Negligible rates of thiocyanate formation (<0.1 nmol min1
mg1) were observed when complex I was replaced by bovine
serum albumin. Also, no rhodanese activity (<0.1 nmol min1
mg1) was detected with puriﬁed complex I from bovine heart
mitochondria [37]. This is consistent with the fact that no sul-
furtransferase orthologue was found to be associated with the
puriﬁed mammalian enzyme [24]. Thus, although the observed
rate is rather low as compared to rhodanese from bovine heart
[34], it was clearly speciﬁc for the newly identiﬁed protein.3.3. Rhodanese deletion strain
To test whether the sulfurtransferase activity of the newly
identiﬁed protein was required for complex I biogenesis or
the synthesis of its iron–sulfur clusters, we deleted the entire
open reading frame of the corresponding gene from the Y.
lipolytica genome by homologous recombination replacing it
by the URA3 marker gene. The st1D strain was fully viable
and no signiﬁcant growth diﬀerences to the parental strain in
several complete and minimal liquid media were observed
(data not shown). Mitochondrial membranes of the st1D strain
contained fully assembled complex I at near wild type expres-
sion levels, as judged by BN-PAGE (not shown). NADH:HAR
oxidoreductase activities of the membranes also indicated that
the deletion did not reduce complex I expression (Table 1). In
fact, we observed a slight tendency for increased complex I
contents in membranes from the st1D strain, but further studies
will be required to test whether this diﬀerence is signiﬁcant.
Except for the 34.6 kDa band that was missing in the dele-
tion strain, complex I puriﬁed from the st1D strain exhibited
the same subunit pattern in standard tricine SDS–PAGE as
the parental strain (Fig. 2). More detailed analysis of the
Table 1
Activities of mitochondrial membranes and puriﬁed complex I from Y. lipolytica
NADH:HAR oxidoreductase
(lmol min1 mg1)
dNADH:DBQ oxidoreductase
(lmol min1 mg1)
Rhodanese activity
(nmol min1 mg1)
Parental strain
Mitochondrial membranes 1.1 0.4 See text
Puriﬁed complex I 45 3.5 12.1
st1D strain
Mitochondrial membranes 1.0 0.4 See text
Puriﬁed complex I 53 3.2 <0.1
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ing (not shown) suggesting that the stability of complex I was
not signiﬁcantly aﬀected. As expected if the deleted gene coded
for the sulfurtransferase associated with complex I, rhodanese
activity was not detectable in puriﬁed complex from the dele-
tion strain (Table 1).
Inhibitor sensitive dNADH:DBQ activities in mitochondrial
membranes and puriﬁed, lipid-reactivated complex I were very
similar for the parental and the deletion strain (Table 1) and
were within the range of typical variations between prepara-
tions. EPR spectra of iron sulfur clusters N1, N2, N3 and
N4 of puriﬁed complex I revealed that neither the signal inten-
sities nor the positions of characteristic g values diﬀered be-
tween the parental and the deletion strain (see supplementary
material).
To test for the presence of other sulfurtransferases in Y.
lipolytica, we also measured rhodanese activities in mitochon-
drial membranes that were found to vary considerably between
3 and 9 nmol min1 mg1 between diﬀerent batches of mem-
branes from both the parental and the deletion strain. By com-
paring the increase from membranes to puriﬁed complex I in
NADH:HAR oxidoreductase and rhodanese speciﬁc activities,
it can be estimated that the sulfurtransferase associated with
complex I contributed no more than about 5% of the total rho-
danese activity present in mitochondrial membranes.4. Discussion
We have identiﬁed a protein associated with Y. lipolytica
complex I as a functional sulfurtransferase. The additional
protein was not only present in complex I puriﬁed by Ni2+
aﬃnity chromatography, but a protein band of the same
molecular mass had also been detected before in Y. lipolytica
complex I puriﬁed by ion exchange chromatography [38]. This
suggest that although the protein was usually found in substo-
ichiometric amounts, it may be considered as the 38th bona
ﬁde subunit of Y. lipolytica complex I. Speciﬁc interaction with
complex I is also suggested by the fact that some mutants of
the 39 kDa subunit of Y. lipolytica complex I signiﬁcantly af-
fect sulfurtransferase levels in puriﬁed complex I (Abdrakhma-
nova, in preparation). Moreover, partial loss of subunits upon
puriﬁcation has also been observed for the 42 kDa subunit of
bovine complex I [24]. In mammals and probably also in com-
plex I from other species that were subjected to proteomic
analysis [22,39], a sulfurtransferase subunit was not identiﬁed
so far. This may suggest that in these organisms the interaction
is too weak to detect the protein in the puriﬁed complex.
Deletion of the gene encoding the sulfurtransferase associ-
ated with complex I from the Y. lipolytica genome had no ef-fect on complex I assembly, catalytic activity and its EPR
detectable iron–sulfur clusters. This indicated that it is not
essential for complex I biosynthesis. Other sulfurtransferase
activities were detectable in mitochondrial membranes from
Y. lipolytica and may have complemented the loss of the en-
zyme associated with complex I. No second tandem rhodanese
domain-type sulfurtransferase could be identiﬁed in the Y.
lipolytica or the genomes of other yeasts or fungi suggesting
that the additional activity was due to the presence of single
rhodanese domain-type enzymes of which two candidate open
reading frames (CAG82611.1 and CAG78833) could be identi-
ﬁed in the Y. lipolytica genomic sequence.
An alternative explanation for the absence of a deletion phe-
notype for the complex I associated sulfurtransferase may be
that rather than being involved in iron–sulfur biosynthesis, this
enzyme may be important for the repair, regulation or quality
control [13] of the iron–sulfur proteins of complex I. Thus, fur-
ther studies will be needed to elucidate the role of the sulfur-
transferase associated with Y. lipolytica complex I.
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